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a b s t r a c t

A hybrid waveguiding structure has been fabricated in a z-cut lithium tantalate (LiTaO3) crystal wafer by
direct femtosecond laser writing. Due to the laser-induced anisotropic modifications of the extraordinary
and ordinary refractive indices (ne and no) of LiTaO3 crystal, the structure exhibits polarization-sensitive
guiding features along vertical and horizontal orientations. Based on this feature, circularly-polarized
light beam can be converted to vertically-/horizontally-polarized ones (i.e., TE and TM), with approxi-
mately 1:1 power splitting ratio. The well-guided performance of the polarization-sensitive structure
shows the potential for integration with existing light signals to realize all-optical information
processing.

� 2015 Published by Elsevier B.V.

1. Introduction

Dielectric crystals possess versatile features for a wide range of
applications as electro-optical modulation, lasing, nonlinear fre-
quency conversion, information storage, etc. In photonics, based
on the waveguide technology, various miniature devices, such as
directional couplers, beam splitters, and ring resonators, have been
extensively applied in diverse areas, e.g., the optical telecommuni-
cations, quantum computing, sensing for atmosphere or biology
[1–11]. Guided-wave optical devices based on dielectric crystals
enable the combination of the compact geometries and the bulk
features, receiving both passive and active applications. For exam-
ple, LiNbO3-based waveguide devices have been utilized for
electro-optical modulation, signal amplification, and frequency
conversion [12–15], and the rare-earth-ion-doped YAG crystalline
waveguides have become promising miniature light sources for
integrated photonic chips [16–19]. Although a number of tech-
niques have been developed to produce waveguides in various
dielectric crystals, it still contains considerable difficulty in the
process of the fabrication, due to the complexity of crystalline
structures, bulk chemical/physical features, and the limitations of
each technique applied to different crystals. The direct femtosec-
ond laser writing has recently become a powerful technique to per-
form 3D micromachining of diverse materials for a broad range of
applications [20–23]. High-intensity femtosecond laser pulses

allow the micro-modification of the material matrix with an
extreme precision through strong-field ionization processes. In
particular, it has become a unique technique to fabricate waveg-
uides in optical materials since 1996 [24]. In glasses, intense fem-
tosecond laser pulses usually induce positive changes of the
refractive index (Dn > 0) at the laser-irradiated areas. This feature
enables direct 3D microfabrication of various devices [4,25]. Signif-
icantly different, femtosecond lasers typically induce negative
index changes (Dn < 0) at the irradiated areas of dielectric crystals
[20]. Although it is considerably difficult to find appropriate irradi-
ation conditions, one could in principle generate anisotropic
changes of no and ne, by applying femtosecond laser modification
with suitable parameters. For example, the Jena group realized
positive ne and negative no in LiNbO3 by using direct laser writing
[26]. Most dielectric crystals are birefringent, which enables
polarization-sensitive light propagation in the crystals. For exam-
ple, the light will be decomposed into ordinary and extraordinary
waves, experiencing a different refractive index of crystal along
particular orientations. This has been widely applied, for instance,
in prism bulks with diverse configurations. (e.g., Wollaston, Glan–
Taylor prisms). In the process of fabrication, a lattice-breakdown
effect, which is induced by the femtosecond laser writing, causes
severe damage of the crystalline matrix, usually results in a
decrease of both extraordinary and ordinary indices. With this fea-
ture, it is possible to implement the splitting of one light beam into
two beams with orthogonal polarizations in a ‘‘straightforward”
way, i.e., the beams with ordinary and extraordinary indices prop-
agate along different pathways. Lithium tantalate (LiTaO3), whose
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features are somehow similar to LiNbO3, exhibits birefringence and
tremendous potential in electro-optic and nonlinear optics applica-
tion. In crystalline waveguide platforms, the construction of
waveguide pairs that support separating guidance of TE and TM
modes (hereby referring to them by the corresponding refractive
index, no or ne in z-cut LiTaO3 crystal, respectively) with a certain
spatial separation could offer more opportunities to achieve appli-
cations. In addition, for beam splitting purpose, the laser-induced
guiding cores of the TE and TM polarized light must not be spatially
overlapped (no superposition). In this work, a hybrid structure
containing a combination of two separate guiding cores for no
and ne has been fabricated in a z-cut LiTaO3 crystal wafer. Such a
hybrid structure could be considered as a ‘marriage’ of a waveguide
pair with one of positive changes of the refractive index (classified
into Type-I waveguiding core) and depressed cladding (hereafter
referring to Type-III guiding core geometry in this work; the
related modification of the low-index laser-induced tracks is also
accepted as Type-II structure) geometries [20]. The guiding proper-
ties, including guiding modal profiles, polarized features, and
losses, of these Type-I and -III waveguides have been investigated
independently. Through such a hybrid guiding structure, a light
beam with circular polarization is separated into two independent
light beams with TE- and TM-polarization. The power-split ratio of
output TE and TM polarized light is nearly 1:1.

2. Experimental procedures

A z-cut LiTaO3 single crystal wafer was cut into dimensions of
15(x) � 10(y) � 1(z) mm3 and optically polished. The laser writing
of the structure was implemented by using the facility at Univer-
sity of Salamanca, Spain. An amplified Ti:Sapphire femtosecond
laser (Spitfire, Spectra Physics) that delivered linearly-polarized
pulses with a temporal duration of 120 fs, a central wavelength
of 795 nm and a repetition rate of 1 kHz, was used as the laser
source. The beam was focused by a 20� microscope objective
and the energy on sample was reduced to 0.4 lJ (measured after
the objective) by using a set of k/2 waveplate and linear polarizing
cube, and a calibrated neutral density filter. The laser irradiation
was controlled with a mechanical shutter. The sample was placed
on an XYZ micro-positioning stage that allowed scanning the sam-
ple at constant velocity (0.5 mm/s) along the y-direction while irra-
diating from the surface of 15 � 10 mm2 with the femtosecond
pulses at certain depth beneath the surface (�150 lm). As a result,
a tubular-like cladding structure (3 lm lateral separation of adja-
cent parallel tracks) with a diameter of �20 lm and an oblate cir-
cular cross-sectional geometry has been fabricated, and all the
produced damage tracks are divided into two well-differentiated
parts: one section (�17 lm-long) shows a soft damage, another
one (�12 lm-long) exhibits a more severe damage with defects
formation. Among which, the weakly damaged parts of several par-
allel damage tracks results in a large-area Type-I waveguide. This
region may confine long wavelengths, but only for the extraordi-
nary component (Dne > 0) [26–28]. In order to confine the ordinary
component (Dno < 0) in a separated region, a Type-III cladding
structure is necessary. By adjusting the focal depth of the fem-
tosecond laser, another waveguide structure with circular shape
was implemented. A gap is generated between Type-I and Type-
III cores, in which light field cannot be confined due to inadequate
refractive index contrast for waveguiding (See Fig. 1(a)). When the
incident light enters the gap area, it will split and be coupled into
Type-I or Type-III waveguide regions ultimately, depending on the
polarization of the light. Fig. 1(b) depicts the working mechanism
of the waveguides obtained in this work, in which an input circular
polarized light beam hits the gap area and is separated into two

beams with orthogonal polarized orientations. Fig. 1(c) shows the
schematic plot of the waveguide fabrication process.

Optical characterization of the waveguides was performed
through an end-face coupling system. A linearly-polarized CW
solid-state laser at wavelength of 1064 nm was utilized as the light
source. When needed, the linear polarization of input light would
be converted to circular one via a k/4 waveplate. The input light
beam was coupled into the structure by a 20� microscope objec-
tive lens. Another microscope objective lens was used as the out-
coupler, through which the output light was collected and imaged
by a CCD camera. The total losses (including propagation losses
and coupling losses) of the photonic structures were determined
by directly measuring the light powers (by powermeters) from
the input and output end-faces.

The mismatch coefficient (CGP) between launched Gaussian
laser mode and the propagation modal profile in waveguide can
be expressed as [29]

CGP ¼ 1
2

e0
l0

� �Z
A
E�
GEP dA ð1Þ

where EG refers to the incident Gaussian field and EP represents the
propagating mode though hybrid waveguide. The coupling losses
due to the mismatch can be obtained by the following expression:

Loss ¼ �10 log jCGPj2
� �

ð2Þ

Fresnel reflection losses at each waveguide–air interface were
also considered, as follows:

R ¼ n2 � n1

n1 þ n2

� �2

ð3Þ

where n1 and n2 are refractive indices of two interface media.

3. Results and discussion

Fig. 2(a)–(c) depict the measured output nearly-field intensity
profiles, with circularly polarized 1064 nm input light launched
into Type-III, gap and Type-I areas, respectively. An additional lin-
early polarizer is inserted into the end-face coupling system
(before the detector, not shown in Fig. 1(c)) to investigate the
polarization features of the output beams. The results show that,
firstly, in the case of the circularly polarized light is launched into
the Type-III core area, the light beam leaving channel Type-III area
maintains the original circular polarization (Fig. 2(a)); secondly, in
the case of the same light beam is launched into the gap area, TE-
and TM-polarized light leaves from Type-III and -I channels (Fig. 2
(b)), respectively; at last, for light launched into the Type-I area, a
linearly TM polarized light beam could be guided and detected at
the output facet of the system (Fig. 2(c)).

In addition, we calculate the modal profiles of the waveguides
numerically based on the estimation of the laser-induced refractive
index changes. By assuming a step-index profile, the refractive
index modification can be estimated by the numerical aperture
method through the following equation [30]

Dno;e � sin2 hm
2no;e

ð4Þ

where hm is the maximum incident angular deflection at which no
transmitted power change occurs (hm = 3.5� with a difference of
0.3� between both polarizations). The calculated index modification
4no,e � 1 � 10�3 for the laser-written LiTaO3 waveguides. The near-
field intensity profiles corresponding to the propagation of hybrid
waveguide output at 1064 nm are calculated by the FD-BPM algo-
rithm (Rsoft�Beam PROP), which are shown in Fig. 2(d–e), which
are in good agreements with the experimental data.
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